Summary Leaf longevity determines the annual cost of replacing foliage biomass and influences water and nutrient budgets. Longevity is readily estimated in most evergreen species by annual bud scars along the shoot. However, some species with indeterminate growth do not show these annual markers, making estimation of longevity difficult. One of these species is the widespread and economically valuable western red cedar (Thuja plicata J. Donn ex D. Don), for which no dependable estimates of leaf longevity exist. In this study, we estimated leaf longevity for western red cedar by counting growth rings in shoots at the point of leaf abscission. Estimates were obtained on 26 dominant or codominant trees growing in natural stands in a montane forest in northern Idaho, USA. Leaf longevity averaged 8.9 (SE = 0.2) years, but it strongly increased with depth in the canopy (0.3 year m -1 ; mean crown depth was 15 m), increasing from a mean of 6.8 years in the upper third of the canopy to 10.6 years in the lower third. The increase in longevity with depth in the crown is consistent with many reports showing that longevity increases in resource-limiting environments. Longevity did not vary significantly with altitude or solar insolation in these montane forests. Among stand-level variables, longevity was correlated only with leaf area index: it increased slightly in stands with high leaf area indices. This approach to longevity estimation may be useful for any species that produces annual rings but no obvious bud scars, including many Cupressaceae species.
Introduction
Foliage longevity is an important adaptive trait in plants, ranging from days to years. Long-lived foliage has several advantages over short-lived foliage, including higher photosynthetic nutrient-use efficiency when integrated over the total life span of the foliage (Waring and Franklin 1979 , Miller 1986 , Hiremath 2000 , but see Greenway et al. 1992) . However, older foliage gradually displays lower photosynthetic rates per unit area or mass (Ludlow and Jarvis 1971 , Hom and Oechel 1983 , Porté and Loustau 1998 as it becomes shaded by newer plant parts (Brooks et al. 1994) . As a result, there exists an optimum leaf longevity at which long-term carbon gain is maximized for a given species under a given set of environmental conditions (Field et al. 1983 , Kikuzawa 1991 , 1995 .
Many process models of ecosystem function are particularly sensitive to variation in leaf longevity (Running and Coughlan 1988 , Aber and Federer 1992 , Duursma 2004 ) because longevity influences the annual carbon cost of maintaining the canopy, provided it is at steady-state. Parameterizing process models requires information on the variation in leaf longevity across the landscape, which has not been studied extensively (Xiao 2003) . In complex terrain, altitude and solar insolation influence the microclimate, which may influence leaf growth and development. It has been shown that leaf longevity increases with altitude (Schoettle 1990 , Reich et al. 1996 and references therein) and latitude (Xiao 2003) . However, to our knowledge, the effect of solar insolation on leaf longevity has not been tested.
Optimality models developed by Kikuzawa (1991) and Ackerly (1999) predict greater longevity for leaves under more resource-limiting conditions. Consistent with this idea, leaf longevity has been shown to increase with decreasing light availability within the canopy (Schoettle and Fahey 1994 , Niinemets 1997 , Osada et al. 2001 . Xiao (2003) also found that leaf longevity increased with stand density. These patterns may be reversed under stressful conditions, where deciduousness becomes an alternative strategy to withstand seasonal stresses (Gower and Richards 1990, Mediavilla and Escudero 2003) .
Leaf longevity is easily quantified in most evergreen species. Evergreens with determinate growth leave annual bud scars along the branch and often produce a set of lateral branches distal to the bud scar, making estimates of leaf longevity easy to make in the field. Estimates of leaf longevity based on such external markers are ideal because they are nondestructive. However, some evergreen species, such as those belonging to the Cupressaceae, have no obvious annual HARLOW, DUURSMA AND MARSHALL TREE PHYSIOLOGY VOLUME 25, 2005 scars. We focused on one such species, western red cedar (Thuja plicata J. Donn ex D. Don). Western red cedar is an important species both commercially and ecologically; it is distributed in the Pacific Northwest from sea level to 900 m in coastal areas and up to 2000 m in the Rocky Mountains (Harlow and Harrar 2001) . Western red cedar represents a large and increasing proportion of the canopy in the forests of the northern Rockies.
The Cupressaceae include about 30 genera distributed worldwide with eight genera native to North America (Harlow and Harrar 2001) . Despite their importance in the planet's vegetation, almost nothing is known about leaf longevity in these species. The Cupressaceae often have scale-like leaves that are appressed to the stems, with stomata on the inner protected leaf surface. These leaves are atypical of the needles of other conifers and very different in form from the flat-blade leaves of angiosperms. They would provide a useful test of the generality of global patterns presented in the literature (Reich et al. 1997) if their longevity can be determined.
We reintroduce a method developed early in the 20th century to assess leaf longevity of these indeterminate species (Pease 1917) . We used these measurements to test the hypotheses that leaf longevity increases with both depth in the canopy and altitude. Furthermore, we tested the hypotheses that solar insolation, elevation and leaf area index of the stand influence leaf longevity because these variables influence light distribution within the canopy.
Methods

Study area
The Priest River Experimental Forest (PREF) is located in the panhandle of northern Idaho, USA (48°21′ N, 116°45′-116°50′ W) on the western side of the Selkirk Range of the Rocky Mountains. The climate is transitional between a northern Pacific coastal and continental type (Finklin 1983) . Summers are generally characterized by cloudless skies and high midday vapor pressure deficits, often reaching 4-5 kPa. Twelve conifer species occur naturally in the PREF. Low-altitude sites on the PREF are characterized by dense-mixed species stands comprising western red cedar, western white pine (Pinus monticola Dougl. ex D. Don), western larch (Larix occidentalis Nutt.), western hemlock (Tsuga heterophylla (Raf.) Sarg.), the interior variety of Douglas-fir (Pseudotsuga menziesii var. glauca (Mirb.) Franco), ponderosa pine (Pinus ponderosa Dougl. ex P. Laws. & C. Laws.) and grand fir (Abies grandis (D. Don ex Lamb. Lindl.). Higher altitude stands comprise Engelmann spruce (Picea engelmannii Parry ex Engelm.), lodgepole pine (Pinus contorta Dougl. ex Loud.), subalpine fir (Abies lasiocarpa (Hook.) Nutt.), and traces of whitebark pine (Pinus albicaulis Engelm.) and mountain hemlock (Tsuga mertensiana (Bong.) Carr.). Western red cedar comprises about 35% of the basal area in the PREF (Duursma et al. 2003) and occurs up to about 1400 m altitude.
Sampling design
Trees were selected from a subset of plots already established in the PREF. The plot design was described in detail by Duursma et al. (2003) and Pocewicz et al (2004) . The experiment was designed to demonstrate the effects of a wide variety of environmental conditions. To achieve this, the study area was stratified by altitude and solar insolation classes and 36 plots were randomly allocated in these strata. This strategy resulted in a wide range of canopy conditions, specifically species composition, stand structure, age and management history.
The subset of plots in this study was chosen based on two criteria. First, 14 western red cedar trees that had been sampled previously (Duursma 2004) were sampled for leaf longevity. Second, we increased the sample size by choosing plots to maximize the altitudinal gradient. Only dominant and codominant trees were sampled. To ensure that these trees had a leaf area index (LAI) similar to those measured on the plots, trees were chosen that were close to the sampling points for LAI (Duursma et al. 2003) . In total, 26 trees were sampled from 13 plots. Mean heights and diameters of the sample trees were 27.0 m and 49.7 cm, respectively. Two branches were cut from each of the lower, middle and upper crown thirds with tree climbing equipment and a pruning pole. In total, we sampled 156 branches of 26 mature western red cedar trees. For each branch sample, height from the ground was measured with a tape attached to the climber. Depth in the canopy (i.e., distance from the top of the individual tree) was found by subtracting height from the ground from measured tree height. We chose depth instead of canopy height for these analyses because we argue that depth better represents the progressive shading of foliage with distance from the sunlit tops of the crowns.
Sampling protocol
In an early account, Pease (1917) reported estimates of leaf longevity for cedar and other conifers with indeterminate growth by counting growth rings at the point of leaf abscission. As in Pease (1917) , we assumed that a shoot cross section at the point of attachment of the oldest living leaf would reveal the maximum age of the foliage. The point of attachment of the oldest leaf on a shoot was found by following the shoot from the tip through decreasing branch orders until we found indications of foliar abscission. Western red cedar foliage is mostly borne on lateral leafy branchlets that may or may not undergo secondary growth. If a branchlet does not undergo secondary growth, it is eventually abscised, often simultaneously with other members of its age cohort. We followed the branches axially until the foliated branchlets became irregular in their spacing and the branch displayed attachment scars from branchlet shedding. Surrounding the attachment scars were senescent leaves appressed to the main stem; these leaves were simultaneously being shed. The branchlets remain green and presumably functional almost until they are shed, so our estimates describe not only life span until litter fall, but also, approximately, the photosynthetic life span of the foliage.
Western red cedar also exhibits epicormic branching, which means that new leaves often form on a shoot at a point where original foliage has been abscised. Epicormic foliage was easily avoided because epicormic branchlets are smaller in diameter and more irregularly shaped than regular branchlets. At the point where foliage on non-epicormic shoots had begun abscission, a 3-cm section of branch was cut and labeled; the section was returned to the laboratory for analysis.
Samples were recut with a razor blade and the number of rings on each end of the 3-cm section counted with the aid of a dissecting microscope (25×). The number of rings was counted twice to verify measurements. In some cases, a water droplet was added to the slide to increase the contrast of latewood and earlywood, which marks the boundary between years. The mean of the two ring counts was used as an estimate of the maximum foliage age.
Data analysis
The relationship between leaf longevity (Y; years) and depth in canopy (D; m) was described by a simple linear mixed-effects model (Equation 1):
where Y i is leaf longevity for tree i, β 0 and β 1 are the population mean intercept and slope, respectively, b 0i is the random intercept, and b 1i is the random slope. The random effects are nor-
σ σ , and b 0i and b 1i can be correlated (with magnitude ρ). The error ε i is normally distributed with zero mean and variance σ e 2 . We used this type of model to obtain tree-level estimates of the relationship between D and Y, as well as the mean response. We tested whether the variances of the random effects (σ 0 2 and σ 1 2 ) were different from zero with likelihood-ratio tests (cf. Pinheiro and Bates 2000) . A significant positive standard deviation would indicate that the trees have different trends of leaf longevity in the canopy. The random effects were partitioned between plots and between trees within plots. We used a likelihood ratio test to determine whether this partitioning improved model fit (Pinheiro and Bates 2000) . That is, we tested whether leaf longevity at the top of the canopy and the vertical gradient with depth in the canopy varied significantly among plots (locations on the landscape) and among trees within plots (local variation).
In addition to D, we tested altitude, solar insolation and LAI. It was determined that a logarithmic transformation of canopy depth was necessary, because there was significant curvature in the relationship between Y and D. A constant of 1 was added so that the parameter β 0 could be interpreted as the leaf longevity at zero depth in the canopy (because log(1) = 0). Altitude and estimates of solar insolation and LAI were available from Duursma et al. (2003) . We added one variable to Equation 1 at a time, and tested model improvement with AIC (Akaike's Information Criterion; lower is better) and with root mean squared error (RMSE, the standard deviation of the residuals). The residuals were investigated for trends with canopy depth and uniform variance. The normality of the residuals and the random effects were assessed with quantile-quantile plots (cf. Pinheiro and Bates 2000) . In no case was there a serious deviation from normality. In multilevel models such as the mixedeffects model used here, there exist multiple coefficients of determination, R 2 (Pinheiro and Bates 2000) . In our case, one R 2 denotes the variation explained at the population level, and another the individual tree predictions (which enter the model through the random effects). The unadjusted R 2 was calculated according to recommendations by Kvålseth (1985) .
Results
Estimates of maximum western red cedar leaf longevity ranged from 4 to 16 years. Mean longevity estimates for lower, middle and upper canopy positions were 10.6, 9.2 and 6.8 years, respectively. Mean longevity for all samples was 8.9 years (SE = 0.2). Longevity (Y ) increased significantly with depth in the canopy (D) (P < 0.0001; Figure 1 ). The random intercept and slope were both significantly different from zero (P < 0.001 and P < 0.019, respectively), indicating that the trees varied significantly in the relationship between Y and D (data not shown). To visualize tree-to-tree variation, we fitted Equation 1 to each tree separately by simple linear regression. Figure 1 shows the relationship between Y and D for the trees, together with the estimated population trend from the mixed-effects model. The curves from individual trees are shifted up or down relative to the mean, but their shapes are remarkably similar.
Neither altitude, nor solar insolation, nor their interactions with D were a significant source of variation in leaf longevity (Table 1) . Leaf area index and its interaction with D were both significant (P < 0.01). The model with the interaction had a higher AIC than the model without the interaction, indicating that the gain in predictive power was negligible relative to the increased complexity of the model. Adding LAI alone decreased the AIC, resulting in a better overall fit. The RMSE decreased from 1.74 years (with only D as predictor) to 1.62 years when LAI was added; the sign of the coefficient suggests that longevity increased with LAI of the stand. From these results, we developed two simple models of leaf longevity for cedar:
The estimated coefficients for both these models are presented in Table 2 . Model 1 slightly underpredicted Y at high values of Y; therefore Model 2 may be preferred when LAI is available. The difference in predictive power is small, however; the absolute difference in model predictions was rarely larger than 1 year, and had a mean of only 6 months. The coefficient of determination, R 2 , for Model 1 was 0.43 for the population prediction and 0.73 for individual tree predictions. For Model 2, the corresponding R 2 values were 0.50 and 0.55.
The variances of the random effects for the intercept and the slope were partitioned among trees within plots and among plots. For the intercept, the results showed that the variation among trees within a plot was larger than the variation among plots (see Table 3 ). For the slope, the standard deviations were similar. A likelihood-ratio test indicated that a more complex random effect structure (plot and tree within plot) did not improve the fit compared with a simple random effects structure (only tree random effect; P = 0.26).
Discussion
In this study, we reintroduced a method to estimate leaf longevity for western red cedar and other species without clear annual markers, including many members of the Cupressaceae. As noted by Pease (1917) , this method can also be used to verify leaf longevity where traditional estimates are uncertain. Such estimates require destructive sampling but allow for relatively quick measurements compared with labeling and monitoring techniques (e.g., Reich et al. 1996) . The main assumption of this method is that species with indeterminate growth exhibit annual radial growth evident through growth rings, at least until foliage begins to abscise. Missing rings could occur in stressed branches, especially in heavy shade, which would lead to underestimates in longevity. We think this was not an issue because ring widths were relatively constant at the point of leaf excision, indicating that samples were unaffected by local conditions. Our leaf longevity estimates fall within the range of values reported for conifers. For example, Niinemets and Lukjanova (2003) reported maximum needle longevity of Abies balsamea (L.) Mill. of 16 and 12 years for Picea abies (L.) Karst. For western red cedar growing in coastal Washington state, longevity estimates for foliage from unspecified canopy locations ranged from 3 to 12 years (Pease 1917) . The shorter longevity observed in the coastal environment possibly reflects greater availability of resources such as water and nutrients compared with our study site in northern Idaho. Other studies have investigated branching and bud formation in western red cedar (Parker and Johnson 1987 , Trevor and Burton 1999 , Edelstein and Ford 2003 but did not include estimates of leaf longevity.
Most of the trees in this study showed a strong increase in longevity with canopy depth (Figure 1 ), and this trend was highly significant for the overall data set (Table 2 ). Leaves produced near the top of a canopy acquire morphological traits 560 HARLOW, DUURSMA AND MARSHALL TREE PHYSIOLOGY VOLUME 25, 2005 that differ from those produced at the bottom (Boardman 1977 , Brooks et al. 1994 , Sprugel et al. 1996 . Shaded trees allocate less biomass to new leaf production, resulting in sparsely distributed needles and reduced shading of older needles compared with trees growing in full sunlight (Montgomery 2004, Mori and Takeda 2004) . Schoettle and Fahey (1994) have defined the Ecological Light Compensation Point (ELCP) as the photosynthetically active irradiance at which leaves can no longer survive. More rapid leaf production, as occurs under low-stress conditions, results in more rapid shading of the older foliage, which forces the older foliage below the ELCP more rapidly and decreases leaf longevity. Leaf area index was significantly correlated with longevity (Table 1) , where greater LAI resulted in slightly greater longevity. Increased LAI could be related to increased competition for resources such as water, nutrients and light, which would lead to increased longevity based on optimality models (Kikuzawa 1991 , Ackerly 1999 . Reduced light availability in the canopy also leads to increased longevity (Schoettle and Fahey 1994 , Niinemets 1997 , Osada et al. 2001 . Although these relationships were statistically significant, use of LAI in our models yielded only slightly better longevity predictions (mean of 6 months) than in its absence. This may have been because of the large variation of LAI within plots.
Neither altitude nor solar irradiance explained additional variation in leaf longevity for western red cedar (Table 1) . The altitudinal gradient in this study was 700 m, which may not have been sufficient to affect leaf longevity measurably. It is also possible that western red cedar may be less plastic than other species in response to altitude. Xiao (2003) found a significant effect of latitude, but not elevation on longevity of Pinus tabulaeformis (Carr.) trees over a gradient of 1000 m. As reviewed by Reich et al. (1996) , leaf longevity varied by more than 8 years for the same Pinus longaeva D.K. Bailey population growing at 287 and 3109 m. Solar irradiance in the PREF was estimated to vary from 4200-5400 MJ m -2 year -1 (Duursma 2004) . Because western red cedar occurs mostly on less exposed north-facing sites (Cooper et al. 1991) , its distribution is probably concentrated in the lower end of this range. We found much variation in longevity at similar elevations, as indicated by the significant tree-to-tree variation within plots (Table 3) , which was much larger than the plot-to-plot variation. Some of the tree-to-tree variation was probably caused by differences in tree height because we measured canopy depth from the maximum height of individual trees. Differences in tree height would have created differences in canopy depth even on branches at the same height above the ground, if the branches were attached to trees of differing height. In any case, the plot-to-plot and the tree-to-tree variations were accounted for in the analysis with the use of a mixed-effects model, so they do not affect the general conclusion: western red cedar longevity responds primarily to position in the canopy, and the effects of elevation and solar insolation (or aspect) are less important.
Large-scale models of ecosystem function require estimates of mean leaf longevity in the canopy, not maximum longevity. Ideally, we should be able to provide leaf age frequency distributions (Niinemets and Lukjanova 2003) . However, we noted that, in the field, age-class cohorts appear to abscise in synchrony in western red cedar. Therefore, our estimates of maximum longevity also provide a rough estimate of mean longevity and may be sufficient for parameterization of these models. More rigorous analysis of leaf demography in these species would be valuable to test this hypothesis.
We conclude that estimates of leaf longevity for species that lack traditional or clear external markers of annual increment can be obtained by the ring-count method with minimal damage to the tree (Pease 1917) . Application of the method in a forest in north Idaho revealed strong variation in leaf longevity within the canopy that could be attributed to canopy depth, and large variation among trees. The technique can be used to measure and verify metrics of biomass turnover that are otherwise difficult to obtain.
